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ABSTRACT 
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Local Bolling Heat Transfer experiments has led to the con- 
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steel surface, the bubbles prefer one particular size, -2.86 
alia diameter. A model or mechanism for vapor formation is 
Introduced end it is shown that this model supports the ob- 
served phenomena of s preferred bubble size. Use is made of 
the result of the analysis as a condition for boiling, and a 
possible explanation of the burnout process. 
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1* Introduction 



For soao yoara now there have been considerable erForts 
made to take advantage of a heat transfer process known as 
Local Bolling Heat Transfer * It is cliaraetorised by a large 
difference in temperature between the heated surface and the 
bulk of the fluid. In general, tlio tempera turo of the fluid is 
well below the saturation temperature for the fluid prossu 2 »e 
while the heated surface is a few degrees above the satiirction 
tempo rat Tire. The boiling la confined to the vicinity of the 
ourfaco. The bubbles that do fora condense in the cooler bulk 
fluid and there ia not net vapor generation. The process can 
IsEaenaely increase tho host transfer rat© without say appre- 
ciable increase in temperature difference between bested sur- 
face end bulk fluid# 

In 'tti® course of soaso experimental invostlgationa to de- 
torsaine density variations due to local boiling, soa© several 
thousand plcturee were made of the vapor bubbles formed on tho 
heated surfaces, under a wide ronge of conditions* At consider- 
able effort, the bubbles on many of these pictures were counted 
end classified as to else* 

The object of this paper is to examine those ^bubble counts* 
to obtain acme further understanding of ‘Local Boiling Heat 
Transfer* , 
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2« Presentation of » bubble count* data * 
of data * 

As doocribadi in roferonce (n-1), Georg® Henry, in 1953* 
was able to photograph boiling on an oleo trie ally heated surface 
over Tshich dlatillod, dogaecad wetar was flowlnj at various com*- 
blnatlons of prassursa - (500, 1000, 1500 psia) velocities - 
(20, 30 ft. por second) subcoolinga ~ (0®- I50® F) rnd 
rates of heat transfer - (approxisiately 10 -> 50^ roiutred for 
burnout). Iho flow channel was a square seetion *500 inches on 
a side. The water flowed vertically upward through this channel. 
Hie heated surface was of stainless steel and 3«00 inches long 
and 3/3 inch wide. These conditions j*«gulted in fully developed 
turbulent flow in the region of interest. The boiling th^t oc- 
curred was observed to bo confined to a layer next to the heated 
atrip. Bubbles wex^ observed to fora on the surface and to col- 
lapse without apparently :soving froa the surface. This typo of 
boiling is called ’local boiling* and is characteristic of boil- 
ing under conditions of highly turbulent flow of suboooled water 
over heated surfaces * 

A h by 5 inch laboratory still caaera was focused on the 
heater strip in conjunction with a single flash light source 
whose period of illvmlnatisn was about 2 Bjicroseconds. 

A comploto description of the apparatus used end the oxperl- 
siental techniques employed is given in referonces (H-1). Hefar- 
ences (M-1) and (M-2) made fui’thor use of the apparatus and re- 
fined the techniques used in (H-1). Since in this paper little 
exact use is made of any data, it is believed unnecessary to re- 
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count tlio oxp-'-riisental procedures in detail* 

For A pai’ticular sot of varlabloa, systen pressure, bulk 
taiaperatuxo, velocity, and heat flux density, ton pictures wero 
taken* Paj?of theao ten ^ere selocted as roprosentativo and 
analyKed. To reduce the time for onalyxing the pictures, only 
a saall portion of the heater atrip neat its upatrea-n end ttre-s 
used. The size of this section was 1/2 Inch in length by l/H 
inch in width* Gau^e marks in th© chonnal were usi»d to deter- 
mine the picture .ti''%gnificatioTi for picture, T! is c.r*-'’ 

subdivided and the number of bubbler cointed in ©cch "’ahdlvision, 
Tl'ian occh bubble of picture oise of 0*01 inch diameter '•nd ^roctor 
was iaersurad to the nearest 0,01 inch* ill remalninr; bubbles 
wore grouped at a picture sis'} of O.OO^ J.nchoc* 

The actual dluenalcns of th® babble wore doter^ainad from 
the aagnlf Ication factor (a-^proxl'antely 5)» a factor to 
account for th» I’slation between apparent btibblo sis® and tru« 
bubble size (experimentally detoralned to ba * 334 ) 1 . This is 
worked out la reforance (H-1) and corrected in referonce (1^-1), 

^'ith aoasuremeats made to the nearest 0.01 inch, & asgnification 
factor of 5 and a conversion factor of *834> it apparent that 
the resolution in determining th® actual size of tbs bubble is 
of the order of 2*5 mils. 

The results are tabolated in appondix I as numbers of bub- 
bles .at esc:i tubble sic® for the particular conditions in force, 
b. Discussion of Data . 

Several representative sets of data from appendix I h<?v® 
been plotted in figure (1), On® of the four pictures that was 
used to obtain each aet of data is shown in figures (2) fchi’ough (7)* 



/^«« ^?$aa«4i2« Mmf ,MJii*i • *< 

•M rrtfitiia«^^~ •♦ •••• i» 

' •!% «i^<i tm* ” 

M# *44 :M#* tfv iJ*0^ M 

f% «4 /'»Ai !«• ^ .iM» 

jtf ►^♦•«*^ X* -=--r *w» *i»t; 

* <«itf^llr ' f o • ^ 

1 — i r I ^ *gl* j*. * ^ 

9-n jiirtn urt M# u owapai*' • 

#4 ^ %4» •*'' 4m MXXI1B^*<7 ^f#l^ •ai 

«*«f «4U W€449» ^ .1 

^ tU^ c|4tf['** *4^ ••-•»»• ^H- 

• 11^) •4flr%9‘Hlt ^ 4«-*«^-Nr. jitt* I/-I* *-rf»^» •« 

An24#04Wli4P<* • 4 ■•a^ »4»aa VJB 

i«tii r^f €t’9\i >iM^ > *r««VT i?*itfiiPi^*>iv * 'V tp#ad 

t«J 4d»«»a 4iM ialijjMWg>&» «• or^ft^u.**^ 

.ai4» ®.‘t *v T# 

%. *-***^ai^ 14 t 

• ii asJSrx*^*** S4*- «■»* *i 

w -#l ma€» 

1 t >iM a n i4 «**0 ItfH ir* aifl lat#’** *— 

••« f*^><<H»il I «wvl fJi *o> 4^) M^f«x»i 

• tV) ^lft0VHS (4i ai • U »4«<> t« 4*^ 



ui W4lk4 




Cess 

C 



- r«8sure 
Soops;,^ 



Velocity Sutcoollng 

20:^1 /jec. F 

Figure (2) 



^ A 

2,04 10^ 



^ ^ 




CP8« 


Pr'easure Velocity 


Subcooling 




1000 ijss IQ. 20 fi Jitc. 


10^ F 




Fisur© (3) 





Va 

1.2^0 X 10^ 

'Stu 






Cfts« 

u 



Ps’-ao 

lOOQ^s/o. 



Vslocity Sabcooli--^ 
ZQ^-^/sec. F 

Figure U|.) 



•V/ 




-:8rcc /'^ 





I 



• 






• e ■ 












!■' 










/4 t 






r i*0s ui" 

lOOOfiSia^ 



Valoelty 
30 /-/-/^ec. 
Fi^iure (5) 



2.. 5^7 X 10^ 






o J O t 
















>2o^' 



i ’ ; ^/TSim t 




Casa 

s 



{ ro 82 ^ M 
100 D^s ICO 



Velocity 
3 'Of^Aec. 
Ficui'C ( 6 ) 



?lubc 501 i 



-y.' 

l.?0 X 10^ 






I - 








; 4 ) 



• X M 




Case 

2 



Pressur*© 

15 ^ 50 ^$ 



/ > loc ity >\i JC 0 v> A i. 

ZQ^-hlsec. ii44“F 
Figure (7) 



u/ '■'■ 

2,/». X 10^^ 



•“ XX •• 



?n« pictur-^*! app-^ar to zhovt cocaldsrable variationa in 
slza and nvc-jbi» of bubblsa ■R'lth char. ,#s in pi‘as3ur«, voloc Ity, 
subcoolln^, an' x'Sc.» of h«*t tranafir. At glance, the 

cui'vsa of fi-Mxra (1) show aiiailar degreos of variation. How- 
ever, the re .illy striking thing abo'^it the cuirvoa ie that they 
all tend tu pealc at about 2.^6 mils diaaetsr* All of the data 
in appendix I has beexi plotted anc the dla’jietor at Wiich th<- 
paak occurs noted* This is proaentsd in Table I, along with 
the dovlationa fron a man value of £*'3:6 mils. Bearing tii ;uind 
that tho resolution used in cioasuz’ing bubble dianetsr was about 
2*p mils, it appears that, for the experinantRl cases investi- 
gated, the majority of bubbles at sny Instant arc In th© aporoxl 
mate range of 2.1 to 3*6 ails disxaotor. 

In Inference (G-1), Gimther isade a photographic study of 
boiling under forced convection condltior4S at various flow rates 
degrooa of subcooling, heat f luxos , but at essentially atmos- 
pheric pressure. He concluded that bubble sis© increased with 
decreasing velocity, with decreasing subcooliiig, and laoderatoly 
increased with decreasing heat transfer rata* His conclusions 
were made on the measurement of relatively few bubbles. His 
conclusions do not appear to bo borne out by tho more ©x^iaiis- 
tive cieRaxxrenents preaonted In this paper* 

Gunther, in th® same paper (G-1), provided several graphs 
of bubble Bias as a fiinctlon of time. A curva of the general 
shape of Gunther's is given in figure (0). Blocking it off in 
equal inersnonta of slso (which is the way fcho bubbles were 
measured In the data procentsa) ?sal:cs it quite sbvious that a 
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b'lbbla aaj^ritj of its l.lf< tl~m &t or nesply at its 

oaxita-. .size* r'l-srororaj, pictu'^-'* T..oh 5 one or t'^-o 

Bicros :-coa*l ir.^t ot vill tc’-s ?^o*t o. thf bub Me • at fcbelr 

3 lc.«. Tb.* eie'ta nrssent*^ ie >--s%lly proportlDn&l to ttn» 

mxl-TTJB tizea bj the babblef, Ths pesikn at a bubble 

size o.i 2*06 'alls r®pr-9*ent fully devsloyacT bubbles and »re not 
the result of a picture eatchlnr; * r.rs*t ruubar of bubble* 1-' 

R growth or decay phase. 

Thei-e are, for aany canes, large nu^abers of relatively bi& 
bubbles comited. A close lock at flgu/:© (I4.) sugreste the cause, 
bhat Trere coui^ted as large bubbles «rer'9 Eiost likely merr^rs of 
several saaliei i^ubblcs* "he very fact that even in such a 
case at that in figure (Ip) - case I.' - tho bubble count chows a 
peak in tlie vicinity of 2.36 alls tend- to aupport this tb<*ory. 

In a'arKt'iX’y, the dnta euegest^ that for highl' turbulent 
flo'-. of cold w..itsr ov'r a heated surf'’CO| Vabbloc prafor to 
gro< to ®ns psrtier.lar ii4«, Vui^ particular size is a 

conat*int for m vid© ranrs oC cosu!.ltlori» and rato^ of hoat trans- 
fer is also, strongly TOg-eated, 

"^'3yO‘sed ifodel for tho -oiraatl >n of a Bubble * 
a. Te~ 3 rerature distribution . 

In the ezporlaento undei* eonai deration, highly turbulent 
water is flowlnr' over a heated surface* Much work has been done 
In studying the velocity distribution for isothera&l turbulent 
flow and is concisely sumarlzed by IJoAdauis, reference ( 5 ^- 3 )* 
OsnJi'elly speeklm^, tiireo regions of flov ais usxially described) 
ft laminar sublayer next to the Burfac© in which the flow is 



- 16 



straanilln®, a buff or layer in which the motiori of the water 
oscillates between streamline and tui*bul©at flow, and the bulk 
of the fluid in which the flow is completely tui'bulent* Sx- 
perisaental work, particularly by Hakuradse, has led to equations 
for the velocity distribution. From these, equations for the 
eddy diffuaivity of atoxaentua can be written. How if wo consider 
that the boundary is heatod, we can say that host la conducted 
through the laminar boimdsry layer by molecular conduction, 
through the buffer layer by both molecular conduction and mechan- 
ical mixing, and through the bulk by aochanlcal mixing* Squa- 
tions similar to those for eddy diffusivity of moiaontua can be 
written for the eddy diffusivity of hast. The success of Mar-* 
tinelll end others in utilizing this analogy leads to the pre- 
diction that the temperature distribution througli the water is 
very nearly the same aa the velocity distribution* Por th© pur- 
pose of this paper w© will consider two regions of flow and tholr 
temperature distribution, %’e will assume that in the laminar 
sublayer the tajii)eraturs has a linear distribution varying from 
the boundary temperature to th® hulk temperature, and that the 
bulk temperature is constant* 

Adiabatic form t ion of a bubble * 

We will assume that th© bubble will originate at a point 
on a heated surfaco. Available to this point Is th© energy 
from the water around it. The model we propose Is that c hemls- 
phore of water on tho heated sxirfacc with a* tomperature distri- 
bution as given In section 2. a* change adiabatically from this 
state to a state composed of part vapor and part liquid, all 
now at saturation temperature corresponding to tho pressure 
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of th» system^ Thei'© ax*o several reasons for choosing this model. 
First, bubbles are kjtiown to originate on. surfacos* One of the 
reasons for tiila is that the ^re^ence of alnute curvatures on 
the surface lessen the energy roqulrenants for bubble formation. 
Thi« is in accoi*danee with Oibbs re-^uireaont fox* thermo dynamic 
©quilibrlun as regards pressures ol" a two phase system: 
p"~p' * Secondly, as pointed out in section 3.1, 

there is almost certainly a slow moving layer of water next to 
the boundai'y through which a temporature gradient probably e?c- 
iats. Thirdly, a homisphere is a reasonable shape as there 
appears no reason to suppose a preferential direction for the 
flow of enargy to the selected point. In the fourth place, 
since the formation of a bubble is known to bo a rapid process, 
it can well be aasumod to bo an adiabatic one. And lastly, it 
secnc correct to state that st its maximum also, a bubble will 
have attained thermal equlllbriu.. with its sui*rounding. 

^•PPlic&tion of Gibbs Stability Criterion to Model. 

In the proposed model, water existing in one atat© suddenly 
ceases to exist in this stata and appears in an entirely differ- 
ent state. According to Olbba, reference (G-2): ”For the equi- 
llbrlxim of any Isolated system it is necessary and sufficient 
that In all possible variations of the state of the system which 
do not alter its energy, the variation of its entropy shall 
either vanish or be negative.” Conversely, if our model ia a 
possible one, the entropy of tho wator in its second state must 
be greater than Its entropy in tho f.lrst state. 
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Glblijs criterion certainly implies that the most probable 
state of an isolated system is the one for which its entropy 
Is greatest* Ihere seoms no reason why this cannot be Inter- 
preted to say that any non-equilibrium state of a system can 
spontaneously shift to a state of higher entropy. Thera ooess 
no reason to require that the second or new state be an equili- 
brium state. 

We have taken for our system the mass of a hemisphere of 
water on the hosted surface. Such a systeai, as it occurs in 
the experimental setup, is one of an Infinite number of such 
systena. It la not an isolated system, ilowevor, if wa asaumo 
that during the transition from one state to another, the sys- 
tem suffers no gain or loss of energy, then are can still apply 
Qlbbs criterion. 

We can write this assumption as an equation 

1 .) d(E ~ d(f ^ 4 ia/ ^ 0 

Since we have postulated an adiabatic change of state: 

2*) d E -t- cLU/ o 

or 

3 .) ~ D 

Por the transition to take place, 

or the entropy of the vapor i>lua tho entropy of the liquid In 
the second state nust be greeter than the entropy of tho liquid 
in the first state. For oimpliclty, we have noglscted the en- 
tropies of the interfacea. 
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Fro« our moUsX w« can write thr testy® ratui'o graalcnti 
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since our ay^tcm is a mso el t4»r we c*n write: 

3 

6. ) Mj 1- ‘ \A„ . />^ -- 

'J!h® onthalplea of the two ctateo be ins equal siweo equation 

7. ) t WjV = 5/^' - 1 
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Solving; equationa (6) «nc (3) for ilg gives: 
9*) <75 ' 
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It Ibis lttt«gpaX la tros’kod :.ai it t« found that th» first 
tsi'a in t'm brsaksts produe«& the truis \«lue of the Inte^J^al 

alsfoat escsotl^' for all values of leas then 3x which turns 

* 



out to include ell eystesM hevint positive A-S * thorofore we 
will write the tutegrel 

Thlti la readily into^ijrated toi 
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ConbtniE::^; thia reault with equi tlori (6) we con write; 




7h& first tsra is alsioot exactly one end we can incite t 







Ths'ou^out tills derivation we have esauusd that the dens ity» 
• and the heat capacity, , of the liquid In its Initi* 1 
state were constants* This Is re«js«'nable If the wall tessera- 
ture, Ttl' , 1» not vsiy such greater than the saturation teapera- 
ture, • 

If wo C'jtiaidor a situation in which tho wail toiii>orot\a'fs 
is ci^nsvant, aV^ov* saturation te’sparature, but below Uiat wMch 
eauoes vi, 'porous boiling, %hs torn s wliieh appe-^rs in equation 
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(20) ziant ^^<5 s cjnsvant, ^or * six.^n u;rjt*.^j a clv'.n r%iun of 
wator, » ./.lv«n h^aiai-'iejre of vat*r, <» i^ivan li in oq.ua tion (20) 
v€t will va4 v'ilui of/^5 * If » .1^ r*.lu« la :p>!^sillvo #• c«m 

say tb.f4t( t?x« fi-/on «yato.ii is lu **n u<.j<t,aoj.o stato< If wa r-lot 
this functi'n sj^^.-a'a olaa, Tij wo ouir/e of fl^** 

ui^o (9)» Tliiii bs^s bodxi tijiraalisod* 

5* latsrpratatlou of Result of Api>l 7 ln;:; Qibba lx*lterioxu 

Boerius In aiud tho iaodol chosaa, wo eaa aa/ that Fh©n«« 

•var thar-e is a to&perafcurs gradient through the water, there 
exists ft laost unatablo ayatoai. This is the peak p^int in fi^^ura 
(9)* The raot^ol and aquation (20) cannot be interpreted to give 
the conditions ascosaary for a change of atata# They should be 
interpreted as fallows. If the gradient through the water i« 
changini^, one particular systeai has a -auch greater trobab lllty 
of changing a let a before any other ays tea does. That ia, one 
particular systea (the one for which II * 2Xg) will reach cx^i- 
tical unstaolllty first. Critical unetcbillty It probably do- 
tomined bs such X'cetora as roughnos of sm'facs, purity of *-ater, 
wettability of surfsee, »ork to produc ^ interfaces, both solid- 
vapor and llquld-vapor, and. srany others. 

^quetion (9) can be different lated with roepecl to H wnd. 

It la found that R » 2x la the necessary condition, for the 
dlfforentlated equation to equal aero. Thus the system that 
first X'oaches erlticftl unstability la also the eystcai that pro- 
duces tn© j^reatest ises* of v«por when it changes state. If 

substitute h = 2x^ In equation (9) and let 

s 
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Fron tl<> 4iscu0«iori In soction 2$ it npp«$r» tlist we could 
substltats S!qv r the value l.lv3 s;ils, and the equation bcco.ne» 
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The inl«!r'pret«ti,in to *>o i l*’cod or. tiiiie ec^untior* 1» as f‘ollo'^8* 

If we c«n sttlsfy the equation, boiling will occur* Tho quan« 
tity is iapendorit on the thlcknaus of the Icailnsr sublayer, 
which is doteraired by fluid flow '4«ch*i.'?dc« if there is no boil<» 
ing. Thus so'ae solutions of equation (23) will just not be possible* 
That is, if (IL « *^) is a very sap 11 number, the x. required by 
the eq,ufti.;n a»y be so itreot s* to Ip.ea it outside the lamlrar 



sublsyor* 

In tbs eyp^rinents being considered It has been found, 
j'cfcr«r*ce (H-1), that (T «• Ti-)’ic npproxi 'lately 15^ f at a 

iw ^ 

pressure of 1000 psia« Ihc vcluc fj. tills proaaure 

Is 2*9 in i-hc arpropristo units. ^IhTofore, the value of re- 
quired i*" sjproxiu'ttely 0*91 siilc. Ihio aniet hnv® been a red- 
itable v&lue. It sestss a roca^nsbl. one. 

TJ'i* action of bollir*g la ganerfilly considered to increcse 
the turbulence n?-ar the heated surfsee* This added turbulence 
or alxiug is f -It to accovuit for the greetiy incrotsad heat trans- 
fer* ao th. YSv.or aovsa away from the surface, liquid from the 
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BiirrounJ-ir^^, ?ii.t.,i >xt , i c?-n ~j 0 uO » -*e.l 

lja.!nin£.z* jnoo • .'o iioncei* '^'S can fa*! c > '« 

riciant thL.v •. iisi '0 ia aat»r '■vcxt to aoiiC t.ort.i3iiS ot the 

surface siifii tnla water is hy a^lecular e 3 ii.duetion, 

i?o can tnin^« ana speak af an effective l&aiinar sub-layer* Aa 
the neat supplied to a auri«*c® is tncresieu* tne aAounv oi bub- 
bles iiitcreeses but tn« aarfscs t«.a',-jr-’ture r«sains consts.nt. 
There is a lialt, howeTer. '^han the bubbling becoTues suffic- 
iently viftorous, the he&t Irr-nsfar rste suddenly goes doim end 
the tesiperatura of the Jsui-Xace goes up until th» surface .aelte* 



Aiiother way oi looking ®fc es.;ji»tl •*. (23) WM^^uld be to say that 
only a very, very thin l&T.ir.a 2 * tub-layer la necessary to keep 
the surface t®nper«tui '0 no nore vhan l^**^ above the e&turntion 



et 1000 psiE» Now wt su^<poc® the oubw— ing to cOv 
so vi oious *s to reduce the thicki-**® of even this l&ycr. -the 
value of the critical unstebllity is still the saaoj, hoiaver, 
and to produce it a steeper gradient will be r® .uirod, T}xe 
wall terapor^ture will rise ^nd Uio bubbling continue and become 
more vigorous. Oiice started tiiia procos# almost instantly pro- 
ceeds to butm out# 

ferheps the most pi'ofitabl© ubb that this eQ,uation (22) 
can be put to is in oonaoction wdth transients. If the tem- 
perature of a surface rises very rapidly with time, the torn- 
peratur® distribution in the water is obtained fro® the solu- 
tion of the diffusion aquation, conslderias that no natui'sl con- 
vection can taka pl^^ce in such a short ti e and conaiderinr the 
water aa a semi infinite aediuax. If the temperature rises lin- 
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sarly with ti"a, th« salution la ol' tha forni? 

at..) I -- ^ 5^0 

At 8 0'**9 t i*e both this siufition W3d ‘?'|u?».tion (’£2) will giva th« 
saaa vfilu* of x • ?' is tha veluD of % in aquRtlon (2h) for 

S 3 

vhleh T * Tg4 At thin tl'ao ths a»xt to tha halted surfsoa 

will bej^in to boil. 

5. Su:s33ftry. 

i f iNiiwi n tmm tm\ m 9rnmMm 

Althouc*h this paper ha« soxa numbers in it, only the quali- 
tative ideas ere of any i;t:~ort'neo. For a partifular combina- 
tion of surffco and liquid seme critl'*al aaount of instability 
is required In the liquid before vapor can for. 2 .» If aa in the 
case of hi!j-.hly turbul».nt flow of liquid over a h»«ted aurf*'»«, 
a temper ture gradient ejlsta throu»^h tho liquid, on* particular 
mass of the liquid will be the mo'Jt likely to attain this degree 
of instability. Tharofore, the babbles of vapor .foi-^med *111 be 
of one size. If the amount of '’nstobillty roqulred it known, 
or if the particular bubble size it known, a condition for boil- 
ing can be written. This sltaply requires that the dist*ne© 
that the saturation temperature reach ii.to the liquid b© in- 
versely proportional to the cube root of th© dogreea of super- 
heat of the surface. However, neither the distance, nor 

n 

the superheat ai^ independent variables. The equation can 
only be thought of as a limiting condition. If the laminar 
sub-layer is thick, the degrees of saporheat required for boil- 
ing Is determined by tlia critical unstability and tho degrees 
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of au,,'-®rh«#*t will I'oraain conatsint imtll the layer is so re- 
duced in ilxickaess by bub- 1® actijn tlvit the surface tempers- 
ture siust rise to produce the cT'.'.ticsl iinsts^bility. If a sur- 
face is rising in toaperatur® raul-llj, then the equation can 
be interpreted to laasn that tolling will not occur until the 
actual gradient In the water is the ''ne requii*ed for the tern- 
re rature of the surface at the ’ao?»nt» 
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£ - int®i*nal ®ndrgy-E7U 
Q_ Ha«t qusintity-BTtl 
yy_ 'ork qa«»niity*-3ru 
« Unthalpy-BTU 

(VI^- Ms3s of sfeturatsd Tapor-LSa 

s^- BTktropy p®r unit »ass saturated vapor oTU/LBra-®R 
(V)^- Mass of saturated liquid-LBai 

entropy per unit mass setureted liquid 
fV| - Total Mesa of 8ysta« LBw 
C|<, -Constant pressure specific heat BTU/LBn-^F 
Tejsperature-^R 

Xo-Teisperature of boundary (heated surface) 

7§ - Teaiporatura of seturated liquid 

-perpendicular distance froja heated surface at which 
water terspei^stur© ia T, »i^LXu 
perpendicular distance froa heated surface - 3 iila 
Radius of hsaiapher® of liquid -:ails 
5^^- Sg-Sf 

hfj.- 

enthalpy per unit raass of saturated liquid DTUABu 
enthalpy per unit oiass of saturated vapor BTU/LBa 
h - Radius of bubble - rails 
'^S- density of saturated liquid 

density of saturated vapor - LBm/£t^ 

|o"_ Pressure of vapor 



27 - 






.'X* ~3 



i . IAf|UIM4> _P - 

H «►• i V»*U ^ ^ 
la* 4 % .i' . ; 

T«#i* IW ikiUf C 7^-SiJ- -^2 

^ -l"?iifiif !•• A&* * - 4 M 

l*HfcLA2' lt ?-i- ^ q,? 

l#49T - 

JA»^ ^U4*4l •^*•€•1'% f n» J cJ*fr3 - J 

jl^ t^c-AiTi* »' i *» j oi^ 



•* w^-tiats i-^ - jr 



dai/-* j» 
• • Ia^ 



• »• iti. • «-• 4 A i» • An; , jLLi 1 i 1 ft £ i« » r-t**f*» I 
§f f pii T||ffi‘ T * Id 4 kill '■ 



2 ^ 




•s-AVtl 
V ' 



• «.n 



1 






..■».'/ a -ii* 1* '.%'■ si — 

3MPr *.*'s7 €€tr> |La» i*|, ^£4J#A'« -"prl 

• ri» <• #1 idii ' X' i^iiftii'’ — 1 
~n>^ AlA-^tl hAf»nr/M Ir -3*^ 

U _ JV 

5v _j'c^ 

- n - 



(p'— • pressure of liquid 
radii of curvature 

I 

N ■ ~ surfaces tension 



i-1 4*|ji i * C»| 

# ♦# ‘ • ^ * 

^ ' L "• 



Bitll ><ph y 



(C-l) Cl&rk, J. A*, "Kowt Transfer cith Surface Boiling, " Sc D 
Thesis, »sy 1953* 

(0-1) Oimthw, F. C., "ihotograp-hic itudy of Surface -Bolling 
Eeet Transfer to <ater with /orcod Convection,” Trans. 

A* S. $ vol. T3# 195 1> p* 11^* 

(0-2) Gibbs, J. I., Collected Vorks Volaue I, Longmans, Gi'een 
and Company, — 

(P-1) Henry, G., "Density Variations In t&ter Flowir^ ovor a 
Plat Jlatc with AXirlace BoiJblng”, M.S. Thesis, S.I.T., 

June 19 p3* 

(M-1) Miller, Allen I«, "Investigation of the Offset of Channel 
Height on th® Density of oater- Flowing Over a Flat Plate 
*ibh Surface Boiling," M.S. Thesis, ”/ay 1954* 

(M-2) Hiller, Marlon L., "Pressure D:*op in Forcod-Clreulation 

Plow of Suucooled Water ’iith and Without Surface Boiling." 
M.S. il.osla, P.I.T*, August 195 ^}. 

(M-3) McAdams, ^.Ti» , Heat Transr.ission, ycCraw-Hlll Book Cons- 
peny, Inc., 1955*.“ 



29 



f 



f r 

? H **f«iklXfoi Mtft'UEt n^tsemtff .i 

• \** ^.T.i . 

.4|£*-^ 'jl* «4 J«*Sf 

t^iS, » IC i^T 

i&artfr .: «/M Mi\^ <•« A «m#;« 

^ UPfi w 

• %o »• >6l»f fj 

9»4r‘l^.v' rt>J« SirT/! t%M% 
•#^i #«9tl 

to Mif 1 % 4 «,x «fm ,^♦ 4 x 1 * 

•SM^t #ai\ • $»:»« *C(9 ^ 

^Bit ««f*4«* Ait* 

s»liAiairu>*»n«t Ait nii^tvrt" «.J Mr£ft^ j'lsiiki 

OlXt«4 |C9 Cii\ tAl»«0^u lA f«kf% 

.^r Jiu^t •«•' 

ji»n» .f f ■ iMt jiN^4* «tanlv«#l 

rpcTf ,.rw« tt»^ 



iii 

-U-6) 

U-d) 

IS-^) 

ll-S) 

ii-m) 

*s-») 

(t-«) 



- v;; . 



APPENDIX 



Case 

A 



rPvssfliiT© 

psia 


Vvloclt 7 

I’t/sec 


Va , 


Bub cool inn »i iratioi* 
o ~. 

A 


Dir.-su>t« 5 T 

alls 


500 


20 


2.34 X 10^ 


117 32.25 


1,225 








493*25 


2.453 








360,25 


4.907 


- 






170,5 


7.351 








69*5 


9.802 






/ 


23.25 


12.251 








6.25 


H |..457 








1.5 


17.152 








1.75 


19.630 








.2 


22.053 








*75 


24.699 


500 


20 


2,02 2 C 10 ^ 


117 22,25 


1.223 






\ 


445 


2.447 








185.25 


4.894 








150 


7.345 








55.25 


9.787 








10.5 


12.233 








6.75 


14.677 








3.5 


17.127 








2.75 


22.021 








.5 


29.361 



- 30 



X30Ktt4 





^mmm 






*S« * 






1 .!*• 
















mtT 


«-OTX 










4«fl 


4 f 


- 




^.iX 


v-V-tt 


« 

V. 






T^L^iU 




- ♦ 






SUmU 












CT*1 


' 






C10.S& 












ft. 






• 


OS«i 




txx \iS m i»«i 


tik 


Qfit 




tu 




















c^^ 








ff’T.f 










MU 


;iiAX 








m.jA4 










tiz.ti 


>-< 








mas 


^•s 








sM^f% 











- dC - 



- 31 - 



C&se 

C 



D 



i*l*$2iSU2T 

psia 

S'OO 



Velocity 

rt/»oc 



Q/A n 

BTU/ft^-hr 
P.,U, X 10^* 



500 



20 



500 



20 



l.i|.3 X 10' 



Subcaoling Huaibar Diaaatar 

alls 



1.705 X 10^ 92 



92 



87.0 


1.23 


743.2 


2.46 


591.5 


4.91 


121.0 


7.36 


20.2 


9.80 


3.2 


12.30 


.7 


14.70 


16. 7 


1,23 


512.2 


2.46 


209.0 


4*91 


40.5 


7.36 


11.5 


9.80 


5.0 


12,30 


6.0 


14.70 


•P 


17.20 


.7 


19.60 


.2 


2li. 60 


12.5 


1.23 


427.0 


2,46 


136.5 


4.91 


30.2 


7.36 


10.2 


S .80 


2.5 


12.30 


3.5 


14.70 









1 

1 












^ «\^ Xdi 

‘Uf-*^its>li w^Vc 


yt*.%»5-i 


«**D 


» - # 


W;JW 








a* 


4i.l 


S-C4»T 






















4ii.T 


9.I&X 










9?.r 


l.OS 










ui.&X 


v.c 












T. 
















^ ^ <OT.f ^ 


OU^ 


a 




5.SX? 












a.?os 










Ci..T 


?.U|> 












'.il 










9t*^ 


^>.1 






















iV^iTX 












W.V'X 


T. 












a« 










rs.i 


r.^x 


Sf 


Sx « c^.i in 


cei 


fl 














i^./i 












e/.T 


1.01 










04.^ 


&.0X 










01 .Si 


l.s 










«T.4i 


:j.t 











3^- 



Case 



P 



?r«sauri} Valoolty c^/A - 
psia ft /sac BTV/ft^^hr 



1000 2Q 2.1^5 X 10^ 



1000 ao 1.820 X 10^ 



6 

1.516 X 10 



Subcooling Kitnber Dia.-a®ter 

-*il8 



0.7 


17. .20 


1.2 


19.60 


.5 


24.60 


l|->}..7 


1*26 


1277.3 


2.50 


971}.. 2 


5.00 


232.3 


7.600 


aii.o 


10.10 


5.0 


12.60 



.75 15.10 
.75 17.60 
.75 20.20 

95 336.8 1.26 

1^66.2 2. 50 

179.1 5.00 

103.2 7.60 

93.8 10.10 

23.9 12.60 

9.0 15.10 

95 91}.. 1 1.25 

4.67.3 2.50 

136.7 5.00 

3,.l 7.50 



K 



1000 



20 






«llst 








%il¥tyimr 


rupi«i^l ««s0 


r-.\f 


T^ 








s 


M.fi 














V 














^f • 


*Of 1. >a-i 


os 


ms t 


I--''"' ^ ■ 


tfXVU 


































«kl»0/ 


e.^js 








' 


o)«o/ 

» 


o.e 






















ChltTf 


n. 










oi.ot 

f 












?*l#4 


e,Au 


?9 


^ « Ota. I 


e% 


OOOt 0 


9t%f 


























fi.idx 












6«ff 










a»oi 


rtc^s 




i^ 




• • 


0f,2X 


o.e 










^•i 


:.4T 


>? 


^OX £ Al^.X 


01 


OOtl ff 




(<*?*•• 










09^2 


i-^ci 












J * #€ 











“ 33 



Ii*osaur« I ty 

p*ia a’u/««c 



p 

•. p ^ V 



^•4jo3olir^^ Ku-.u«j- Diara^tSj 

.‘Hr. 



O'"? 



1000 



20 



1000 



20 



K 



1000 



20 



-I 



1.256 X 10^ 



1.23 X 10 



Y'^ 



70 



k$ 



T 

J. / • W 




0.56 


l.£ * jj’O 


{,'.73 


15. 2< 


j'V'r.9 


1.26 


335o 


2.51 


3)4.6. 1 


5.02 


I3i2*5 


7.55 


90.3 


10.05 


21,7 


12. ‘r6 


‘0.5 


15.07 


103.^ 


1.26 


5J4-6.G 


2.50 


326,2 


5.00 


159.5 


7,60 


51.5 


10,10 


7.5 


12,60 


2,0 


15.10 


,9 


17,60 


1y3.7 


1,&2 


433.5 


2.45 


339.7 


4,S9 


190.2 


7 

f ♦ 


100.5 


9.79 



- u 



MiViAlA 






^ • Xx 


OOt^U 


OJt.O 


90.^ 


•t-9 


o&a 


t44n:< 


x<;«s 


hm 




XrOUt 




t.ixi 


Xo.ox 


t»6V 




f^it 


irotiT 


Z,t 


ifta 


J.6>X 






ooa 


title 


M.T 


JL*W 






•I6»SX 


t#T 


0X.2X 


t.% 


06 AX 


t. 


S&.i 


• 4 




^ m ■ 11 ^ 


«6.4 




jxa 


i»$6f 


rr-* 


».oox 






*-€^n 



^ » tea •«* 



QT ^X m SIBaa 



^ t e^.x »& 



0^«f«t»^%-iMA3i! 



0601 I 



OCOX L 



MX I 



Oase Pressur-e \n.u^olty _ SubcoDliiig liusibcr Dia-aater 

pslR ft/sac BlU/rt -hr saiXs 



46.7 


12. 


25*0 


14. 6C- 


15.75 


17.13 


11.5 


19.58 


9.0 


22.02 




24.47 


1 C-ft 


26 . 9 c- 



L 


1000 


20 


1.022 r. 10 


45 


38.7 


1 . 2 .^ 












496.5 


2.45 












666.7 


4.89 












72.5 


7 . .34 












3.5 


9.79 


M 


1000 


20 


.799 X 10^ 


45 


344.5 


1.22 












530.7 


2.45 












344.7 


4.89 












96.0 


7.34 












29.0 


9.70 












1.5 


12.23 


H 


1000 


20 


1.035 X 10'^ 


20 


63 


1.22 



IT 



Alls 




■t* ».i**rtyih*- »«»\n 


ilfl? 




















7T.“:i 








lOl 






0«a 


>%f 


( 




V*: t 








#r*^ 








tsU 


r.^ 


IJ ^df 9 


OWI 


</.*: 










T»;ii 






iiL.f 


**r, 






fC > 




* 








^ •« t m. « 


0<»1 










•e«^ 


t^M 






JC.t 


^.4f 






*t.f 


#.H 






J 


i.r 






i&.i 


Ik 


cs k "Jtt’.t ee 


OQkf 










p-v 


'^•un 














|tr^ 









35 



Case 



0 



Presaui 

psli 



' 1 ■'iity v/A ^ 



1000 



20 



.810 X 10^ 



1000 



20 



.510 X 10 



6 



Cwbc: 3 oliM^ 


Siasber 


D 1 ua"' 
m.!L 




0 "> 


mA»C^ ^ . 




*’ 7.^0 


14 




20 ,?;' 


17 .Cl 




13. 2^3 


I 9 . 4 f 




<^>.00 


W. Wk- • / '- 




4.^0 






3.00 


26,76 




1.5 


29.20 




- 

«» 


*^n ... 




r, 


3 L .'96 




15 


36.50 


20 


16,7 


1.22 




303.7 






1:2.7 


4 - >0 




1 j 9.0 


i * 




117.7 


9.?-) 




93.5 


12.25 




3 (‘j 


14 . 70 




23.0 


17.15 




16.0 


17 , so 




11.0 


22.05 




0,2 


24*50 


20 


220.5 


61 ^0 




372.75 


2 .J 4 i| 



220.75 4.39 












it 











Ta.tl 


n>« 


4l^1L 




««iS 








^«r« 


OvJt 


9i.H 




lout 




#Q»l^ 


a 




^4 




Tur 


l/-*S 




09»^ 


t«*iVf 








r.Tif 




u0 


v» » • 




iUUi 


c^r 


04.^1 




xtu& 


i^U 




i.4 




wr% 


«i^«T 


cT*^^ 




?v>6aa 



- U - 









m 



09 



^Di « AiAi. 



fkl. 



^ . CA. 



0001 0 



t 



OOOX I 



C«ao 






R 



« 36 - 



i'r*Asar« 

psia 


" c. .10 : itj 
rt/ so© 


/ * 


i:\jbo ooliag 


iJur«bar 


0.t /m t®r 

iUilS 










133. V 


7.33 










BO. 75 


9.77 










3b.30 


12.22 










16.75 


14,66 










6.50 


17*10 












.i. ‘ t* 












21.99 


1000 


30 


2.57 10^ 


9b' 


132.'; 


1,26 










751.0 


2.51 










16it..S 


5.03 










J4-f *5 


7.55 










19.0 


10.06 










3.0 


12.53 










1.7 


15.09 


1000 


30 


2.22 X 10^ 


97 


433 


1.26 










399.5 


2.52 










ISO. 2 


5 • 04 










26.7 


7.56 










7.7 


10.03 










0,0 


12.60 










0.2 


15.12 


1000 


30 


1,9 X lO'^ 


97 


55.75 


1.26 










203.5 


2.52 










%4 


A 1^ 


tllM/rt 

M#^\n 


*t4*i4»tl •«<> 

aiixi 




?i.Kf 












«-«e 


































os.r/ 














*f«4 










ff«a 


^ - 












<i2U 




^ 4 ti.i 






G^*k 


v.i^T 










16.^ 


Vm 












Kfa 












4.tl 








c 


f>.W 












HM 


T.J 










$>ut 


u# 


Tf 


% K 


at 


mr ft 


nr* 


c.m 


































^•W 


M 










04. $4 


4«C 










UL«<i 


i*0 














Xf 


St f ra 




B ' 




Vto% 











37 - 



Cs.se 



ptis 



• loo i ty 



1000 



u 



lOQO 



1000 



/‘ 

v/ p 

z:'y/x't.~«hr 



30 



1*882 X 10 



30 



i»545 3c 10^ 



30 



• 8i|.6 X 10^ 



‘U’.'OODli'lJ" 



70 



70 



20 





-til3 


90. 75 


:-o»i 


31.0 


Tt56 


10,75 


10. 08 




12.60 


2.C0 


15.12 


196»5 


1.2^. 


985*3 


2»52 


215.8 


5.05. 


31*7 


7.56 


0.2 


10.01 


1-5 


12.60 


0.25 


15.10 


14 


1.^7 


445 


2.58 


111.5 


5.17 


25. 7 


7.75 


1.7 


10. 30 


119.2 


1*22 


639.0 


2J|5 


232.0 


4-90 


79.7 


7.3I: 


16.2 


9*79 



3*0 12.2ii, 



'ssfr '•-sfr 



4tU 

iitf o.m 
n*«u 

9d,Af H.l 

U4>^f 





l»o«x 


8«2 


CrfOF 




9*M 




to€ 


69.04 


«.i 






fX«€A 




09l«l 


4X 




lid 




OOI 


IT-T 




X*Oi 


f.l- 


1^41 




"y-'S 


o»ffi 






ItM 


•,.ff 


H*0 


x«Ai 


IS a; 


®.e 






m 



^ "ox 9 9$§a oi 



OT Kl O'M'X H 



oa ^OA • M* 



* 



oooi 



VCCl 



0001 



- 33 



Caas 


pjilA 


1 1/: 3 


/ 


faVcool.’ r-j 


Naabor 


Dls.-.«t«v 

a;.!* 














lU . 7‘* 












r/ 


IMJ, 


W 


1000 


30 


»Sl4 y 


10^ 20 


18^ 


X f .*.- 4 , 












355.7 


9 1, r ' 












207.0 


4.9'li 












69.5 
















9 . 9 c 


X 


1000 


30 


.I4.52 X 


10^ 10 


33 -.25 


1.26 












36^. CO 


2.52 












331..34 














162.73- 


, 7.57 












116. 


10.09 












22,50 


12. 












£ 

0*0 


15. li;. 


Y 


1000 


30 


.321 X 


10^ 7 


291.5 


i.c;'' 



31 V -5 2.^0 

260.0 5 -GO 

133*75 7*>:9 

10 l }..0 9 . 9 > 

B ').0 12 . h*) 

5.75 14.93 








«MM 






i4|fe«r»t 

HUn 


*r^ 

t^N 




^.1 












t. 










u*s 


•4At 




« iUI. 


OC 


















• W 










ttVT 










) 


3«.# 


t.ils 












9tKC 


oi 


» s;^« 


«f 


Mr*u 


sa»«« 
























n.t 


<i.<ai 










93 


a^du 










u*4l 


nan 


























1 


4 x&t. 


Ot 


T>^1 


et.4 


nuu 










00.'<> 














^•*•1 








-4» 




>.4ti 












♦.f« 










n.u 



















9 



% 



t 



r 



39 - 



Cuse 


Pressure 

psia 


Veioclty 

ft/890 


BTU/ft"^-hr 


Subcoollng 

Op 


Kuuaber 


Dlaaoti 

mils 


Z 


1500 


20 


2,7 10^ 




Ii.12 


1.27 












64.1.2 


2.54. 












371.0 


5.07 












72.7 


7. 60 












29.0 


10 * jl 4- 












0.7 


12*63 












0.^ 


15.21 


AA 


1^00 


20 


2.27 X 10^ 


llj.6 


29I4-.5 


1.26 












617.75 


2.53 












137.5 


5.64 












25 


7.58 












6.2^ 


10,11 












.25 


12.63 


BB 


1500 


20 


1.97 X 10^ 


9 h 


10.7 


1,26 












755.7 


2.51 












222.5 


5.02 












30.0 


7.53 














10.04 


CC 


1000 


20 


1.669 X 10^ 


69 


21,7 


1.26 












6B4..2 


2.51 












24.9.2 


5.02 












58.5 


7.54 



~ f c - 



nil* 


««d^K 






12 






Sdi* 


iWX K t«& 


(» 


9CU 


£ 




V.X^v 












^.iTt 










,T 


T^ir 










4 UJOI 












ei^«4i 


t*o 










n.tt 


i.« 










Ifi.i 


^. 4 lfS 


dii£ X TS.s 


cs 


09^1 


U 


eui 


?T.m 












l*VCi 












m 










K«OX 


au 










tA.Sl 


K« 










MU 


vuu 


.59 X Tt.i 


OS 


WX 


68 


■T^>4 












SO.^ 


iasft 










c?,u 


0«4IC 


















.■* 

-■< 


# 


4tU 


Tm£t 


s f^a 


0 & 


■* 

mi 


i 

(n» 




l*0Jt 










ao.v: 


s.ria 























- I;0 - 

Ces« Pr»a*ur© Velocity ^/A ^ Subeooling Kuaibor Dioaotor 
pa la ft/s9c BTO/ft^-hr »? ails 

21.2 10.00 



2.7 12,^7 

1.5 15.10 



V 



- ~ 



icu ^ ^Vrw fwsn 



1 .X& 

n 

V^.U V.!i 

i»x 



Al•^T 



f 

%i> . f%«« ^ 




•a43 





I 



i 





I 






Thesis 

PT5555 



Thesis 

YT5555 



28891 

T/hitohead 

An examination of bubbl< 
sizes found in local 
boiling heat transfer 
experiments . 



e 



28891 

W hit e he ad 

An examination of bubble 

sizes found in local boiling 
heat transfer experiments. 



